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Abstract. Using the IRAM 30m telescope we detected the lower fine structure line of neutral carbon (C l( 3 Pi — > 
3 Po), ^rest = 492 GHz) towards three high-redshift sources: IRAS FSC 10214 (z = 2.3), SMM J14011+0252 (z = 
2.5) and H1413+117 (Cloverleaf quasar, z = 2.5). SMM J14011+0252 is the first high-redshift, non-AGN source 
in which C I has been detected. The C l( 3 Pi -» 3 Po) line from FSC 10214 is almost an order of magnitude weaker 
than previously claimed, while our detection in the Cloverleaf is in good agreement with earlier observations. 
The Cl( 3 Pi — > 3 Po) linewidths are similar to the CO widths, indicating that both lines trace similar regions of 
molecular gas on galactic scales. Derived Cl( 3 Pi — > 3 Po) masses for all three objects are of order few xlO 7 M0 
and the implied C l( 3 Pi — > 3 Po)/ 12 CO( J=3^2) line luminosity ratio is about 0.2. This number is similar to values 
found in local galaxies. We derive a C I abundance of 5 x 10~ 5 which implies significant metal enrichment of 
the cold molecular gas at redshifts 2.5 (age of the universe 2.7 Gyr). We conclude that the physical properties of 
systems at large lookback times are similar to today's starburst/AGN environments. 
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1. Introduction 

Investigating the dense cool interstellar medium in high 
redshift galaxies is of fundamental importance for our un- 
derstanding of the early phases of galaxy formation and 
evolution. Recent studies have revealed the presence of 
huge molecular gas quantities (> 10 10 M Q ) in distant ob- 
jects, which show that the gas reservoirs for powerful star- 
bursts are present in the early universe (for a review see 
Carilli et al. 2004). So far, molecular gas has been detected 
in about 25 sources at z > 2, out to a redshift of z = 6.4 
(Walter et al. 125531 Bertoldi et al. l2555|l . 
The brightest and therefore most common tracer for 
molecular gas is carbon monoxide (CO). Multi-transition 
studies of CO lines can be used to constrain the physical 
properties of the molecular gas. However, the interpreta- 
tion of optically thick CO lines is not straightforward and 
requires detailed modeling (e.g., radiative transfer codes). 
To constrain these models, observations of faint optically 
thin lines (such as e.g., 13 CO) are needed (e.g. Weifi etal. 
2001) which are, however, inaccessible given current limi- 
tations in sensitivity. 

Observations of neutral carbon (C i) can help to circum- 
vent these problems. Because the 3P fine-structure system 
of carbon forms a simple three-level system, detections of 
both optically thin carbon lines, Ci( 3 Pi -> 3 P ) (492 GHz) 
and Ci( 3 P 2 ^ 3 Pi) (809 GHz), in principle allow us to de- 



rive the excitation temperature, neutral carbon column 
density and mass independently of any other information 
(e.g. Stutzki et al. 1997] Weifi et al. | 



Although the atmospheric transmission is poor at the 
C i rest frequencies, a number of studies of neutral car- 
bon have been carried out in molecular clouds of the 
galactic disk, the galactic center, M82 and other nearby 
galaxies (e.g., White et al. 11551 Stutzki et al. lT557l Gerin 
& Phillips ETjoTil Ojh a et al. 125511 Israel & Baas 125521 
Schneider et al. 125551 Kramer et al. 12554) . These studies 
have shown that Ci is closely associated with the CO 
emission independent of the environment. Since the criti- 
cal density for the Ci( 3 Pi-> 3 P ) and 12 CO(J=1-^0) lines 
are both n CI m 10 3 cm -3 this finding suggests that the 
transitions arise from the same volume and share similar 
excitation temperatures (e.g. Ikeda etal. ,2002). 

In this letter we report on the detection of the lower fine 
structure line of atomic carbon, Ci( 3 Pi — > 3 Po), towards 
the three strongest molecular line emitters at redshifts 
> 2 currently known: IRAS FSC 10214 (z = 2.29, F10214 
thereafter), SMM J14011+0252 {z = 2.57, SMM14011 
thereafter) and H1413+117 (Cloverleaf Quasar, z = 2.56). 
We use a A cosmology with Hq = 71 kms Mpc , 
fl A = 0.73 and Q m = 0.27 (Spergel et al. 12551 . 
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2. Observations 



3.2. SMM 14011 



Observations were carried out with the IRAM 30 m tele- 
scope from Sep. 2003 to July 2004. We used the CD re- 
ceiver configuration with the C/D 150 receivers tuned to 
the Ci( 3 Pi — > 3 Po) transition. For each source the observ- 
ing frequency of the Ci( 3 Pi — > 3 Po) transition is listed in 
Tabled The beam size at 140 GHz is « 17". Typical sys- 
tem temperatures were «200K and «270K (T£) during 
winter and summer respectively. The observations were 
carried out in the wobbler switching mode, with a switch- 
ing frequency of 0.5 Hz and a wobbler throw of 50" in 
azimuth. Pointing was checked frequently and was found 
to be stable within 3". Calibration was obtained every 
12min using the standard hot/cold-load absorber mea- 
surements. The planet Mars was used for absolute flux 
calibration. The antenna gain was found to be consistent 
with the standard value of 6.6 Jy/K at 140 GHz. We esti- 
mate the flux density scale to be accurate to about ±15%. 
Data were recorded using the 4 MHz filter banks on 
each receiver (512 channels, 1GHz bandwidth, 4 MHz 
channel spacing). The data were processed using the 
CLASS software. After dropping bad data only linear 
baselines were subtracted from individual spectra. The 
resulting profiles were regridded to a velocity resolu- 
tion of SSkms" 1 (F10214), 65 kms^SMMMOll) and 
TOkms- 1 (Cloverleaf) leading to an RMS of 0.25 mK 
(1.7mJy), 0.24mK (1.6mJy) and 0.25 mK (1.7mJy), re- 
spectively. The on-source integration time in the final 
spectra is 8h, 10.5h and 4.5h for F10214, SMM14011 and 
the Cloverleaf respectively. The final spectra are presented 
in Fig.Q] 



3. Results 



3.1. F10214 



Our new C i( 3 Pi — > 3 Po) spectrum towards F10214 does not 
confirm the Ci( 3 Pi^ 3 Po) detection reported by Brown & 
Vanden Bout Q1992I see Fig. 1 and Table 1 versus their 
Fig. 3). The integrated line flux is 7 times lower and the 
peak line antenna temperature of 1.4 mK is well within 
the noise level of the old observations. Given the superior 
quality of our new measurements, we consider the data 
presented here to be the first detection of Ci in this ob- 
ject. The C i( 3 Pi -> 3 P ) redshift in F10214 is in agreement 
with the CO redshift but the carbon line is narrower. We 
attribute this to the limited signal to noise (« 6) in our 
observations. Our derived line parameters are summarized 
in Tab. d For F10214 we find a line luminosity (see e.g. 
Solomon et al. 119971 for a definition) ratio compared to 



12 CO(J=3^2) of L' 



CO(J=3-»2) 



0.19±0.05 



(see footnote of Tabled] for 12 CO(J=3— >2) luminosities 
and references). 



Our Ci( 3 Pi -> 3 P ) detection in SMM14011 is the first 
atomic carbon detection reported in any high-z Scuba 
sub-mm galaxy. The absence of AGN characteristics in 
optical spectra (Barger et al. 119991 Ivison et al. I2000|l to- 
gether with the non detection of hard X-rays (Fabian et al. 
2000) implies that the gas is mainly heated by star for- 
mation. The carbon line linewidth is slightly higher than 
the CO width and the spectrum shows a small velocity 
offset compared to the CO redshift - this is most likely 
due to the current limited signal to noise ratio. The C i 
to 12 CO(J=3^2) line luminosity ratio in SMM14011 is 



CI( 3 Pl^3P ) 



■ \/L'v. 



CO{J=3-+2) 



= 0.32 ±0.06. 



3.3. The Cloverleaf 

The Cloverleaf is a Broad- Absorption Line (BAL) quasar 
(QSO) with very broad high-excitation emission lines and 
is the brightest and best-studied high-z CO source. The 
redshift of the carbon line agrees with the CO redshift 
and the Ci( 3 Pi — > 3 Po) linewidth of 360 kms -1 is similar 
to CO measurements (e.g. Weifi et al. I2003f) and the pre- 
vious neutral carbon detection by Barvainis et al. I|1997fl ■ 
The integrated Ci( 3 Pi — > 3 Po) flux density is in good 
agreement with the value reported by Barvainis. With our 
new Ci( 3 Pi -> 3 P ) flux of I C i = 3.9 ± 0.6 Jy kms -1 we 
find a line luminosity ratio of £ci( 3 Pi-+ 3 Po)/^' 12 cO(j=3-^2) = 
0.15 ± 0.02. Our observations confirm the low carbon fine 
structure line ratio of L' cl( - ip<i _^ sp^ / L' cl ^ 3Pi ^ 3Pg ^ rj 0.5 
(Weifi etal.HISI). 



4. Discussion 

4.1. Ci/CO line ratios and cooling 



Judging from our L' CI /L' ( 



CO(3-2) 



line luminosity ratios 



the carbon chemistry and/or excitation does not change 
strongly between a pure starburst (SMM14011) and the 
starburst/AGN (Cloverleaf, F10214) heated environment 
at redshifts w 2.5. For SMM14011 we find a slightly 
higher ^01/^00(3-2) ^ me luminosity ratio than for the 
two QSOs. For local galaxies Gerin & Phillips (2000) 
find an average brightness temperature ratio between 
Ci( 3 Pi -> 3 P ) and 12 CO(J=1^0) of 0.2 ± 0.2 inde- 
pendent of the environment. A similar ratio has also 
been found in Arp220 (Gcrin & Phillips HMH| . Detailed 
radiative transfer models show that the 12 CO(J=1^0) 
and 12 CO(J=3-^2) transitions are near thermal equi- 



librium (L' ( 



CO(l-O) 



L' 



CO(3-2V 



for all three sources 



studied here (Weifi etal. in prep.). This implies that the 
Ci( 3 Pi -> 3 P )/ 12 CO(J=1^0) ratio for dusty quasars 
and submm galaxies at z w 2.5 resembles those for local 
galaxies. The cooling via C i and CO for all three sources 
is small compared to the cooling due to thermal dust 
emission (Lqo I 'Lfir < 10 -4 ) with CO being the more 
effective cooler compared to Ci (ici/^co ~ 0.05 — 0.2). 
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Fig. 1. Spectra of the Ci( 3 Pi^ 3 Po) fine structure line towards F10214, SMM14011 and the Cloverleaf superposed on 
their Gaussian fit profiles (see Table for parameters). The velocity scale is relative to the CO redshift given in the 
footnote of Tabled The velocity resolution is 55 kms" 1 (F10214), 65 kms- 1 (SMM14011) and 70 kms" 1 (Cloverleaf). 



Table 1. Observed Ci( 3 Pi— ► 3 Po) line parameters. 



Source 


Voba 

[GHz] 


n 

[mK] 


5". 
[mjy] 


AVfwhm 
[kms" 1 ] 


I 

[Jy kms- 1 ] 


V 
[kms -1 ] 


L' CI /10 10 
[K kms" 1 pc 2 ] 


d ici/-^CO(3-2) 


F10214 

SMM14011 

Cloverleaf 


149.8024 
138.0457 
138.3313 


1.4 ± 0.15 
1.1 ± 0.2 
1.8 ± 0.3 


9.2 ± 1.0 

7.3 ± 1.5 
11.2 ± 2.0 


160 ± 30 
235 ± 45 
360 ± 60 


1.6 ± 0.2 

1.8 ± 0.3 

3.9 ± 0.6 


a -5 ± 12 
b 45 ± 27 
c 7 ± 25 


2.2 ± 0.3 
3.1 ± 0.5 
6.7 ± 1.0 


0.19 ± 0.05 
0.32 ± 0.06 
0.15 ± 0.02 



Quoted errors are statistical errors from Gaussian fits. Systematic calibration uncertainty is ± 15% 
a Center velocity relative to z=2.2854 (Downes etal. 119951 . 
b Center velocity relative to z=2.5653 (Frayer et al. 119951 . 
c Center velocity relative to z=2.5578 (Weifi etal. I2()()3|l . 

d L co(3-2) : F10214: 11.7±0.6x 10 10 K kms^'pc 2 Solomon etal. JMEJl; SMM14011: 9.7±1.0x 10 10 K kms^pc 2 Downes & 
Solomon 11217031 : Cloverleaf 45.7±0.7x 10 10 K kms -1 pc 2 Weifi etal. lEMEfll 



4.2. Neutral carbon mass and abundance 

In analogy to the formulas given in Weifi etal. (2003) for 
the upper fine structure line of atomic carbon, C i( 3 P2 — » 
3 Pi), we can derive the total mass of neutral carbon using 
the luminosity of the lower fine structure line, C i( 3 Pi — » 
3 Po), via 

Moi = C mci Q(T CX ) \ e^* L' cl{3Pi ^ Po) (1) 

where Q{T CX ) = 1 + 3e" Tl/T - + 5e~ T2/T " is the C i parti- 
tion function. T x = 23.6 K and T 2 — 62.5 K are the energies 
above the ground state, toci is the mass of a single car- 
bon atom and C is the conversion between pc 2 and cm 2 . 
The above equation assumes optically thin C i emission 
and that both carbon lines are in local thermodynamical 
equilibrium (LTE). Inserting numbers yields: 1 

Mci = 5.706 xl0- 4 Q(T cx )ie 23 - 6 / T ~ ^ I(3Pl ^3p o) [M ](2) 

In our previous paper (Weifi et al. 2003 ) the similar equa- 
tion for the carbon mass derived from the upper fine structure 
line (Eq. 3) should have a coefficient of 4.556 x 10" 4 . All the 
carbon masses quoted in the text, however, are correct. 



The determination of the excitation temperature of atomic 
carbon requires the measurement of both fine structure 
lines. The upper carbon fine structure line so far has only 
been detected in the Cloverleaf Quasar (Weifi et al. I2003f) 
yielding T ox = 30 K (Td us t = 50 K) . As the excitation tem- 
perature is a priori unknown for the other two sources 
we here assume T CX =30K as derived for the Cloverleaf. 
Similar excitation temperatures for all three sources 
are motivated by similar dust temperatures (F10214: 
T dust = 55 K Benfo rd etal. lT§551 SMM14011: T dust = 50K 
Ivison et al. I200"U}) . We note however that the total neu- 
tral carbon mass is not a strong function of the as- 
sumed T ex unless the excitation temperature is below 20 K 
(see Fig. The resulting carbon masses (uncorrected 
for the magnification m) are listed in Table [3 Table [21 
also lists the H2 masses derived from the 12 CO(J=3^2) 
line luminosity. Here we assume a ULIRG conversion fac- 
tor of M H2 /^ o = O.8M (Kkms~ 1 pc 2 )' 1 (Downes & 
Solomon I1998J) . The mass ratio between Ci and H2 al- 
lows us to estimate the neutral carbon abundance relative 
to H 2 via X[CI]/X[H 2 ] = M(CI)/(6M(H 2 )). Note that 
the carbon abundance is independent of the magnification 
(disregarding differential magnification) and the applied 
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Fig. 2. Dependence of the neutral carbon mass on the 
carbon excitation temperature assuming LTE. The car- 
bon mass is normalized to T ex ci = 50 K. The solid line 
corresponds to masses derived from the C i( 3 Pi — > 3 Po) line 
luminosity (Eq. |2J) , the dashed line is the corresponding 
plot of the Ci( 3 P2-^ 3 Pi) line luminosity. 



Table 2. Mass and abundance of neutral carbon. 





F10214 


SMM14011 


Cloverleaf 


Max [M /1O 7 ] 


2.7m -1 


3.9 m -1 


8.4m -1 


M H2 [M q /10 10 ] 


9.4m -1 


7.8 m" 1 


36.5 m" 1 


x[ci}/x[n 2 ] 


4.9 x 10~ 5 


8.3 x 1CT 5 


3.8 x 1(T 5 



m denotes the magnification due to gravitational lensing 



cosmology. We find a carbon abundance of XfCIJ/XfEk] ~ 
5 x 10~ 5 for all sources. This value is similar to the Ci 
abundance in the Galaxy of X[CI]/X[H 2 ] = 2.2 x 10" 5 
(Frerking et al. I198§|) . This implies that the cold molec- 
ular gas in these systems at redshift 2.5 is already sub- 
stantially enriched. This finding is in line with abundance 
determinations for high redshift QSOs using optical spec- 
tra (e.g. Dietrich ctal. 2003) albeit for the cold molecular 
gas phase. For local starburst galaxies it has been found 
that the neutral carbon gas phase abundance tends to be 
higher than in the Milky Way (e.g. Schilke et al. 
White etal. ESS Israel & Baas EQQI1 12001 • However, 
given the underlying assumptions of H2 mass determina- 
tions in high-z sources, our data do not allow us to in- 
vestigate possible C 1 abundance variations between QSO 
and starburst heated environments in more detail. 

We conclude that the physical properties of systems at 
large lookback times (z — 2.5 corresponds to an age of 
the universe of only 2.7 Gyr) are similar to today's star- 
burst/ AGN environments. Our study also shows that Ci 
is one of the brightest tracers of the cold molecular gas 
in galaxies. It therefore provides a powerful diagnostic of 
galaxy evolution well beyond z = 2.5, especially in the 
light of the next generation of mm and sub-mm telescopes 
(such as ALMA). 
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